To investigate the role of Angptl4, an inhibitor of lipoprotein lipase that is induced by >3-fold in the heart after rosiglitazone treatment, we generated transgenic mice that overexpress Angptl4 in the heart (MHC-Angptl4). We show that MHC-Angptl4 mice exhibit cardiacrestricted expression of the transgene and inhibition of cardiac lipoprotein lipase (LPL) activity. However, LPL activities in other tissues or that released into plasma by heparin are not affected. In addition, MHC-Angptl4 mice also exhibit hypertriglyceridemia after 6 h of fasting. We use echocardiography to show that MHC-Angptl4 mice develop left-ventricular dysfunction. Comparison of the metabolic profiles of isolated working hearts demonstrates that cardiac impairment in MHC-Angptl4 mice is positively associated with decreased triglyceride (TG) utilization. When bred to transgenic mice that overexpress acyl-CoA synthetase in the heart, a strain that exhibits elevated cardiac TG accumulation, cardiac TG content in double transgenic mice is reversed to that of wild-type mice. Taken together, our data support the hypothesis that induction of Angptl4 in the heart inhibits lipoprotein-derived fatty acid delivery. This mouse model will be useful to elucidate the role of reduced fatty acid supply in the pathogenesis of heart failure and related disorders.
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lipase ͉ nuclear receptor ͉ cardiomyopathy U nder normal physiologic conditions, cardiac myocytes in the postnatal mammalian heart rely on ␤-oxidation of long-chain fatty acids to generate ATP. Up to 70% of the energy requirements of the heart may be derived from fatty acids, originating from three sources: circulating free fatty acids (FFAs) bound to albumin, circulating chylomicrons and very low-density lipoprotein, which requires the action of lipoprotein lipase (LPL) before utilization, and hydrolysis of triglycerides (TG) present in the cardiomyocyte (1) (2) (3) . Because FFA concentrations are in the low nanomolar range in serum, cardiac myocytes must rely on the action of LPL to hydrolyze circulating lipoproteins as the main source of fatty acids for uptake (4) . In support of the critical role of LPL in cardiac fuel metabolism, cardiac muscle has a higher level of LPL expression than other forms of muscle tissue (5) . However, the role of posttranslational regulation of LPL activity in the control of cardiac metabolism is still not fully understood.
Two members in the family of angiopoietin-like proteins, Angptl3 and -4, have been shown to be potent inhibitors of LPL activity (6) (7) (8) . In contrast to Angptl3, whose expression is restricted to the liver and is not affected by nutrient availability (9) , the relevance of Angptl4 in fuel metabolism is further supported by the observation that its expression is induced by fasting (10, 11) . Because fasting causes a change in the metabolic patterns of many tissues, induction of Angptl4 during fasting might play a role in the switch of the metabolic patterns of tissues to ensure adequate energy partitioning that is essential for survival. A role of Angptl4 in metabolic regulation is also suggested by the observation that Angptl4 expression is modulated by all members of the peroxisome proliferator-activated receptor (PPAR) family of transcription factors (10, (12) (13) (14) , demonstrated by genetic as well as pharmacological studies (15) .
Of clinical relevance, agonists of PPAR␥, such as rosiglitazone and pioglitazone, are now widely prescribed in the treatment of type 2 diabetes. Because expression of Angptl4 is increased by PPAR␥ activation both in vitro and in vivo, a role of Angptl4 in mediating the biological activity of thiazolidinediones (TZDs) has been suggested (13) . Notably, treatment with TZDs has been shown to be associated with increased incidence of cardiac hypertrophy and diminished cardiac fatty acid catabolism in preclinical species (16) (17) (18) . However, the molecular events leading to this observation remain elusive.
To test the hypothesis that Angptl4, by inhibiting the action of LPL in heart, which relies on the availability of fatty acids as the main source of fuel (4), serves a gatekeeping role in cardiac metabolism and is a key regulator of cardiac function, we generated transgenic mouse lines with cardiac-restricted overexpression of Angptl4. These mice exhibit marked inhibition of cardiac LPL activity, fasting hypertriglyceridemia, and develop left-ventricular dysfunction. This study thus provides insight into the role of perturbations of myocardial lipid metabolism in the pathogenesis of cardiomyopathy.
Materials and Methods
Reagents. [ C57BL͞6 mice (Charles River Laboratories), Ϸ9-11 weeks old, were group housed (four mice per cage) and fed standard rodent chow for at least 1 week before study initiation. Each animal group (n ϭ 12) was dosed orally with PPAR␣ agonist Wyeth14643 or PPAR␥ agonist rosiglitazone, once daily in the morning for 6 h, 1, 3, or 7 days; dose volume was 10 ml͞kg. The vehicle group was dosed with 0.25% methylcellulose. Animals were killed by CO 2 asphyxiation. Tissues were harvested for microarray analysis as described (19) .
Generation of ␣-MHC-Angptl4 Transgenic Mice and Angptl4͞ACS
Double Transgenic Mice. The MHC-Angptl4 transgene consists of a 5.5-kb segment of the ␣-MHC (myosin heavy chain) gene promoter (kindly provided by Deepak Srivastava, University of Texas Southwestern Medical Center), driving transcription of the 1.2-kb rat Angptl4 cDNA, downstream of which lies a human growth hormone (hGH) gene polyadenylation signal. Injection of the transgene was performed by the transgenic core facility at University of Texas Southwestern Medical Center. Three founders yielded true breeding lines and were used for subsequent analyses. Angptl4͞ ACS double transgenic mice were generated by breeding MHCAngptl4 mice with MHC-ACS mice (20) . Mice were genotyped by PCR on tail-biopsied samples.
Northern and Western Blotting Analysis of Transgene Expression in
MHC-Angptl4 Transgenic Mice. Total RNA was isolated from the hearts and other tissues of MHC-Angptl4 transgenic mice or control littermates, run on denaturing agarose gel, and transferred onto nylon membrane. Hybridization was performed according to standard protocols (21) . Transgenic expression of Angptl4 protein was detected with an antibody that recognizes the c-myc epitope.
Plasma Preparation and Analysis. Blood was collected from 6-hfasted 2-month-old mice into Eppendorf tubes coated with EDTA. Plasma was prepared by low-speed centrifugation (5,000 ϫ g for 5 min). MHC-Angptl4 (n ϭ 6) and wild-type (n ϭ 5) mice were gavaged with corn oil (5 ml͞kg). Blood samples were collected from tail vein at 0, 2, 4, 6, 8, and 10 h after gavage, and plasma TG measured (22) .
TG Content of Heart. Animals were killed under sodium pentobarbital anesthesia. Ventricular structures were rapidly isolated and snap frozen. Total lipids were extracted from Ϸ50-100 mg of tissue by the method of Folch et al. (23) , and dried under N 2 gas. TG content of tissue was measured by the method of Danno et al. (24) .
Determination of LPL Activity in Tissues and Postheparin Plasma.
Fresh tissue or frozen tissue powder were homogenized at 4°C as described (25) . Insoluble material was removed by centrifugation (26) . Phospholipid-stabilized emulsion in glycerol was prepared as described (27) . Postheparin plasma (PHP) was obtained from age-matched wild-type or transgenic mice. Heparin (1 unit͞g body weight) was injected into the jugular vein, and blood was collected 5 min later. LPL activity in PHP was determined as above.
Incubation of tissue lysate or postheparin plasma with [9, H(N)]triolein emulsions was carried out for 30-60 min at 25°C in a shaking water bath. After incubation, released fatty acid was extracted as described (28) . Labeled triolein was also incubated with buffer alone to obtain the background reading that is subtracted from all samples. Lipoprotein lipase standard was used to determine the linear range of the assay. Readings from all experiments are within this range.
Echocardiography. Echocardiography was performed on wildtype and MHC-Angptl4 mice fed ad libitum by using a Vivid 7 GE echo machine. Two-dimensional and M-mode images were obtained from parasternal short axis position in nonsedated mice. Percentage fractional shortening was calculated from M-mode images. Measurements were performed on mice at 2 and 7 months of age, with similar results.
Heart Perfusions. Hearts were perfused by using conventional Langendorff methods (retrograde) as described (29) . Two different substrate conditions were tested: (i) [U- 13 Mouse hearts were rapidly excised from MHC-Angptl4 or control mice weighing Ϸ35 g and either fed ad libitum or fasted for 24 h. Heart rate and developed pressure was monitored. The pO 2 difference and measure of coronary flow were used to evaluate MVO 2 (30) . Hearts were then freeze-clamped, ground to a fine powder, extracted, and finally dissolved in D 2 O for 13 C and 1 H analysis (31, 32) . Total substrate oxidation or citric acid cycle flux was determined by using the reported relationship (33, 34) , 13 C 4 ]acetoacetate under condition ii). R 0 -R 3 is the proportionality factor between citric acid cycle flux and oxygen consumption as reported and was taken as follows. R 0 ϭ 3.0 (endogenous substrates), R 1 ϭ 2.0 (acetoacetate), R 2 ϭ 2.95 (lactate͞pyruvate), and R 3 ϭ 2.71 (FFA mix͞triglycerides). Absolute substrate oxidation was calculated as: endogenous substrate
Statistical Analysis. All data were analyzed by using PRISM (GraphPad, San Diego) software, expressed as means Ϯ SEM. Differences between groups are calculated by performing an unpaired t test and considered statistically significant when P values are Ͻ0.05.
Results
Angptl4 Expression Is Robustly Induced in the Heart After Treatment with Rosiglitazone. To identify target genes of PPAR␣ and PPAR␥ in vivo, microarray experiments were performed on several tissues treated with Wyeth14643, a PPAR␣ agonist, or rosiglitazone, a PPAR␥ agonist. Among the genes whose expression levels were changed by these treatments, Angptl4 was one of a number of genes that is robustly regulated by both Wyeth14643 and rosiglitazone (Fig. 1) . Furthermore, Angptl4 expression was differentially regulated by these PPAR␣ and PPAR␥ agonists. Wyeth14643 selectively and robustly upregulated Angptl4 expression in liver and kidney by Ͼ3-fold, but down-regulated it in epididymal white adipose tissue, muscle, and heart by Ϸ2-fold. In contrast, rosiglitazone up-regulated Angptl4 expression across all five tissues that were examined. Notably, Angptl4 transcript was up-regulated by almost 3-fold in Fig. 1 . Angptl4 gene expression in five tissues from C57BL͞6 mice treated with a PPAR␣ agonist, Wyeth14643 (Wyeth), or a PPAR␥ agonist, rosiglitazone (Rosi), for 7 days. Tissues were harvested 6 h after the last dose, RNA was isolated, and global gene transcription profiling was performed as described in Materials and Methods. Pharmacological activation of PPAR␣ causes robust up-regulation of Angptl4 transcript (3-to 4-fold) in liver and kidney but modest down-regulation (Ͼ2-fold) in epididymal white adipose tissue, muscle, and heart. PPAR␥ activation resulted in up-regulation (Ͼ2-fold) of Angptl4 transcript across all tissues. ** , P Ͻ 0.01; *** , P Ͻ 0.0001 vs. vehicle.
the heart. The tissue-specific induction patterns of Angptl4 suggest that it may act locally in an autocrine͞paracrine fashion. This hypothesis is also supported by the observation that processing of Angptl4, which we reported recently (35) , is regulated by its site of expression (14) .
Cardiac Overexpression of Angptl4 Causes Decreased LPL Activity and
TG Content in the Heart. Because cardiac tissue relies on LPLderived fatty acid as a fuel source and Angptl4 is a potent inhibitor of LPL, we investigated whether overexpression of Angptl4 in the heart of transgenic mice causes a disturbance of fuel utilization and functional impairment of the heart. We overexpressed Angptl4 in the postnatal cardiac ventricles of mice by using the myosin heavy-chain gene promoter ( Fig. 2A) . At the C terminus of Angptl4, we inserted a c-myc and histidine epitope tag that does not interfere with the expression or hyperlipidemic effect of Angptl4 (35) . Founder mice were screened by PCR and Southern blot analysis (data not shown). We characterized three independent MHC-Angptl4 lines and analyzed their progenies. The average litter size was 10 pups, and there was no evidence that transgene expression resulted in any changes in development. Expression of the transgene was evaluated by Northern blotting of total RNA from heart as well as Western blotting of lysates from various tissues of control or transgenic mice (Fig. 2  B and C and data not shown) . MHC-Angptl4 mice exhibited high expression levels of the transgene in the heart, with no detectable expression in several other tissues examined, including brain, liver, skeletal muscle, intestine, and fat (Fig. 2C) .
Because heart uses lipoprotein-derived FFA as the main source of fuel (4), biochemical analyses were carried out to quantitatively assess the effects of Angptl4 overexpression on cardiac LPL activity and myocardial lipid content. Treatment of tissue lysates from hearts of each line of MHC-Angptl4 mice with [ 3 H]triolein emulsion revealed a transgene expressiondependent inhibition of cardiac LPL activity (Fig. 3A) in parallel to decreased cardiac TG content (Fig. 3B) . The inhibition of cardiac LPL activity in lines 1 and 2 are similar (Fig. 3B) , yet the mRNA level of Angptl4 is much higher in line 1 (Fig. 2B) , suggesting that once the amount of Angptl4 protein reaches a threshold level, further LPL inhibition does not occur.
Because Angptl4 protein is processed and secreted into media or plasma when expressed in 293 cells or the liver of mice (35), we asked whether cardiac expression of Angptl4 serves to inhibit LPL locally in an autocrine͞paracrine fashion or whether it also affects the activity of LPL in other tissues. We determined LPL activity of heart, liver, skeletal muscle, and white adipose tissue of both MHC-Angptl4 mice and their nontransgenic littermates. We chose line 1 for this analysis because this line expresses Angptl4 at the highest level as well as inhibiting cardiac LPL activity most completely (Fig. 3) . The presence of the Angptl4 transgene in the heart caused a reduction in cardiac LPL activity by Ϸ80%, whereas the normally low levels of hepatic LPL activity were unchanged (Fig.  3C) . LPL activities in skeletal muscle and WAT also remained 3 . Dosage-dependent inhibition of cardiac TG content (A) and LPL activity (B) by transgenic expression of Angptl4, tissue-associated LPL activity (C) and heparin-releasable LPL activity (D) in control and MHC-Angptl4 mice. Hearts from 9-month-old MHC-Angptl4 mice or control littermates were rapidly removed, and ventricles were dissected. Cardiac TG accumulation was assayed as described in Materials and Methods. LPL activity in heart, liver, skeletal muscle, and adipose tissue (WAT) of MHC-Angptl4 mice or control littermates were measured by using [ 3 H]triolein as substrate. LPL activity was significantly decreased only in the hearts of MHC-Angptl4 mice (C). (D) Heparin-releasable LPL activity was determined in 2-month-old MHC-Angptl4 mice or control littermates. Plasma was collected 5 min after heparin injection, and LPL activity was determined as in C. Heparin-releasable LPL activity was similar between MHC-Angptl4 and control mice before (pre-heparin) and after (post-heparin) heparin injection. n ϭ 4 -6 mice per group. * , P Ͻ 0.05; ** , P Ͻ 0.01; *** , P Ͻ 0.0001. essentially unchanged (Fig. 3C) . Correspondingly, the TG content in hearts, but not livers, of MHC-Angptl4 mice was also significantly decreased compared with control littermates (data not shown). Interestingly, heparin-releasable LPL activity was comparable between MHC-Angptl4 mice and control littermates (Fig. 3D) . These data suggest that cardiac overexpression of Angptl4 results in heart-specific inhibition of LPL activity, thus directly controlling lipoprotein partitioning.
Increased Fasting and Postprandial TG Levels in the Plasma of MHCAngptl4
Mice. Given that cardiac specific LPL knockout mice develop hypertriglyceridemia after 6 h of fasting (22), we investigated whether Angptl4-mediated LPL inhibition in the heart also recapitulates the findings. In agreement with earlier studies, 6-h-fasted 2-month-old male MHC-Angptl4 mice showed a Ͼ2-fold increase in plasma TG levels (58.4 Ϯ 2.8 mg͞dl in WT vs. 133.1 Ϯ 5.8 mg͞dl in MHC-Angptl4, P Ͻ 0.0001). However, plasma glucose levels at 6 h of fasting are similar (87.6 Ϯ 3.1 mg͞dl in WT vs. 87.5 Ϯ 5.8 mg͞dl in MHC-Angptl4), even after mice are fasted for up to 24 h (data not shown). However, after corn oil gavage, postprandial TG levels are increased similarly in WT and MHC-Angptl4 mice, which peaked at 2 h (190.4 Ϯ 15.3 mg͞dl for MHC-Angptl4 mice and 112.0 Ϯ 27.4 mg͞dl in control mice, P Ͻ 0.05). Similar differences were seen at additional points for up to 10 h after oil gavage (data not shown). Cardiac glycogen levels are similar in WT and MHC-Angptl4 mice (data not shown). Because transgene expression is limited to heart tissue, these data indicate that a significant portion of plasma triglyceride turnover can be attributed to cardiac utilization. This finding is in agreement with earlier studies demonstrating that the heart is a dominant site of lipoprotein utilization in vivo (4).
Cardiac Overexpression of Angptl4
Causes Impairment of Heart Function. Because inhibition of cardiac LPL activity by Angptl4 would limit utilization of lipoprotein-derived fatty acids, we asked whether such inhibition of cardiac LPL activity by Angptl4 would affect cardiac function. We performed echocardiography measurements on MHC-Angptl4 mice and control littermates at 5 months of age. Previously, it has been reported that increased cardiac lipid uptake by overexpression of LPL or ACS in the heart causes lipotoxic cardiomyopathy (20, 36) . The 2D and M-mode images from the parasternal short axis position in nonsedated mice (Fig. 4A) and calculated percentage fractional shortening from M-mode images (Fig. 4B) show significant impairment of heart function in MHCAngptl4 mice. These data suggest that similar to models of cardiac dysfunction caused by increased lipid uptake (20) , inhibition of lipoprotein-derived FFA also impairs cardiac function, further highlighting the importance of balanced FFA demand and availability on the maintenance of normal cardiac function.
Although overexpression of Angptl4 clearly correlates with decreased LPL activity and TG accumulation as well as impaired heart function, the relationship between these abnormalities and cardiac oxidative metabolism is less clear. Thus, cardiac metabolism was assessed by using well established NMR isotopomer methods, which report the oxidation rates of selected substrates. Isolated hearts from MHC-Angptl4 and control mice were perfused in the Langendorff mode with a mixture of 13 13 C]FFA in hearts from ad libitum fed control and MHCAngpotl4 mice. However, in parallel with decreased cardiac TG content, there was a significant decrease in the utilization of endogenous (unlabeled) substrates in hearts from MHCAngptl4 mice (Fig. 5A) . Additionally, heart function measured by the rate pressure product (RPP) was not different between hearts from MHC-Angptl4 and control mice. To examine TG oxidation, hearts from fasted mice were again perfused with [U- 13 5B ). Acetoacetate and lactate͞pyruvate utilization were also reduced in the hearts of MHC-Angptl4 mice, owing to a Ͼ50% decrease in oxygen consumption and significant decrease in RPP (Fig. 5C and data not shown).
Angptl4 Reverses Lipid Overaccumulation in Hearts of a Model of
Lipotoxic Cardiomyopathy. To further establish the gatekeeping role of Angptl4 in cardiac fuel utilization, we crossed MHCAngptl4 mice with a model of lipotoxic cardiomyopathy, MHC-ACS mice (20) . The latter overexpresses long-chain acyl-CoA synthetase, a protein that plays an important role in the vectorial transport of fatty acid across the plasma membrane and their subsequent metabolism (37) . Hearts of MHC-ACS mice show marked triglyceride accumulation and exhibit hypertrophy and left ventricular dysfunction. Bigenic mice were obtained by crossing MHC-Angptl4 mice and MHC-ACS mice and were obtained at predicted frequency, suggesting that this manipulation does not cause embryonic lethality. We measured cardiac LPL activity and TG content of the monogenic and bigenic mice at 2 months of age. We found that the cardiac TG content in MHC-Angptl4 tends to be lower than in wild-type mice, although this difference did not reach statistical significance (Fig.  6A ). In contrast, as has been reported (20) , overexpression of ACS in heart caused a significant increase in cardiac TG content over controls (Fig. 6A) . Notably, coexpression of Angptl4 with ACS reduced cardiac TG content to levels similar to that found in wild-type mice, suggesting that fatty acid delivery to heart is restricted by Angptl4 overexpression. In addition, whereas the activity of LPL in MHC-ACS mice is not increased, coexpression of ACS with Angptl4 lowered cardiac LPL activity of bigenic mice to a level similar to that seen in MHC-Angptl4 mice (Fig.  6B ). These data provide additional evidence that, even in the presence of irreversible fatty acid import by the action of acyl-CoA synthetase, Angptl4 plays a more dominant role in restricting the availability of lipoprotein-derived fatty acids. When accessed by echocardiography, cardiac function in bigenic mice also showed a trend toward normalization, although still abnormal (data not shown), raising the possibility that the compensatory increase of glucose uptake and oxidation might be insufficient to restore cardiac function in bigenic mice.
Discussion
Our results provide several lines of evidence for a critical role of Angptl4 as a gatekeeper of fuel partitioning: (i) cardiac overexpression of Angptl4 selectively inhibits LPL activity only in heart, highlighting an autocrine͞paracrine role for Angptl4 expression in that tissue; (ii) the extent of cardiac LPL inhibition is positively correlated with the level of transgene expression; (iii) inhibition of cardiac LPL causes fasting plasma hypertriglyceridemia, similar to that of cardiac LPL knockout mice (22); (iv) overexpression of Angptl4 in the heart alters substrate oxidation and impairs cardiac function; and (v) cardiac-specific coexpression of Angptl4 rescues excessive lipid accumulation in the hearts of MHC-ACS transgenic mice. Earlier, we reported that when Angptl4 is expressed in 293 cells, a variable-sized oligomer is synthesized that undergoes regulated processing (35) . We and others also reported that both i.v. injection of bacterially produced recombinant Angptl4 and adenoviral overexpression of the protein in the liver potently raise plasma TG levels (7, 8) . Angptl4 has also been reported to be differentially processed in human liver and adipose tissue (14) . These findings raise the intriguing possibility that, depending on the site of Angptl4 expression, it may be processed differently, and therefore function differently. For example, when immediately processed upon secretion, as in the liver (14), its coiled-coil domain may circulate systematically and act in an endocrine manner to inhibit LPL activities in various tissues. In contrast, when it is not processed at the site of its production, such as in the heart, it may act in an autocrine͞paracrine manner to only inhibit local LPL activity. The correlation between the ability of Angptl4 to be processed and the level of expression of LPL at the same site therefore warrants additional studies.
The activity of LPL in the capillary bed of tissues is a key mechanism of lipoprotein-derived FFA delivery. In vivo, fatty acids provide Ͼ70% of the heart's energy supply, most of which is derived from lipoproteins (4) . Numerous studies have demonstrated that regulation of LPL activity by nutritional status occurs by posttranslational mechanism (38) . However, the mechanisms involved are still poorly understood (39, 40) . As a recently discovered LPL inhibitor, the role of Angptl4 in the regulation of LPL activity during fasting or pharmacological treatment has not been well defined, in large part because of its variable expression in multiple tissues. Our current study demonstrates that, when Angptl4 is overexpressed in the heart, it specifically inhibits cardiac LPL activity. The residual LPL activity, at a level similar to that found in cardiac LPL knockout mice (22) , might be due to LPL expression in noncardiomyocytes (41) . We suggest that, during the secretion of Angptl4 in LPL-rich tissues, such as heart, it might be ''tethered'' to LPL, thus delaying its proteolytic processing. This hypothesis is supported by the observation that, in humans, processing of Angptl4 does not occur in adipose tissue, where LPL expression is high, but does occur in liver, where LPL expression is low (14) . When Angptl4 is not proteolytically processed in tissues where it is induced, local inhibition of LPL activity will divert fatty acids contained in lipoproteins away to other tissues for utilization. In particular, TZD inhibition of fatty acid acquisition through the induction of Angptl4 in tissues, such as skeletal muscle and heart, may result in a net decrease in tissue triglyceride levels and an apparent redistribution of lipids to adipose tissue, a phenomenon that has been observed in the clinic during the treatment of diabetic patients with TZDs.
Certain important questions regarding Angptl4 function still remain. An apparent, and as yet inexplicable, discrepancy exists between the observed hyperlipidemic effect of Angptl4 and the lack of such an effect by TZDs. LPL activity in adipose tissue of rosi-treated mice is similar to that in controls (data not shown). This finding suggests that other PPAR␥ target genes are likely involved to counteract the effects of Angptl4's hyperlipidemic action. For example, it has been shown that PPAR␥ agonists increase LPL expression and activity in white adipose tissue (42) . The physiological role of the Angptl4 carboxyl fibrinogen-like domain, which is present in the circulation at detectable levels and is found at elevated levels in the plasma of db͞db mice (data not shown), also remains to be clarified. Additionally, the level of angptl4 expression from the transgene is likely to be much higher than that induced by TZD treatment. The transgene also becomes active very early on, before birth, which may also modify the phenotypes observed. These factors in aggregate may contribute to the differences caused by Angptl4 overexpression and TZD action.
Based on our in vivo evidence, we propose that Angptl4 is likely to have a variety of biological consequences, both positive and negative, as a result of its control of fuel utilization in different tissues. In skeletal muscle, elevation of Angptl4 will inhibit LPL activity, thereby causing a net decrease in intramyocellular TG content and indirectly potentiating insulin sensitivity. In macrophages, where increased LPL activity is associated with elevated levels of atherosclerosis, inhibition of this enzyme by induction of Angptl4 should provide protection from the induction of atherosclerosis by excessive dietary intake of lipids. However, in heart, where lipoprotein-derived fatty acid is the major energy source, we have shown that induction of Angptl4 inhibits LPL activity, resulting in cardiomyopathy.
PPAR␥ is the primary target of TZD antidiabetic agents; the receptor is abundantly expressed in adipocytes, which are thought to mediate the major insulin-sensitizing activities of such ligands (43) . However, adipose tissue-specific deletion of PPAR␥ has revealed the presence of PPAR␥ actions that may be generated through other tissues (43) . In support of this assertion, skeletal muscle-selective deletion of PPAR␥ in mice results in glucose intolerance and progressive insulin resistance (44) . Interestingly, the microarray experiments we present here demonstrate that Angptl4 is significantly induced by rosiglitazone in multiple tissues, suggesting that it might play a role in the pleiotropic biological effects of PPAR␥ agonists. In particular, on the basis of our characterization of mice overexpressing cardiac Angptl4, it is interesting to speculate that the shift in cardiac fuel utilization from lipids to carbohydrates and the concomitant induction in cardiac hypertrophy observed in preclinical species treated with TZDs (15-17) could be a consequence, at least in part, of PPAR␥-mediated augmentation of Angptl4 expression. Further studies using cardiac-specific Angptl4 null mice will be necessary to demonstrate that this conjecture is correct.
In summary, cardiac-restricted overexpression of Angptl4 in our mouse model leads to marked inhibition of cardiac LPL activity and a parallel decrease in cardiomyocyte lipid accumulation and catabolism. This perturbation in lipid homeostasis results in the impairment of left ventricular function. Therefore, MHC-Angptl4 mice may prove useful as a model of altered cardiac lipid metabolism.
